Abstract: A microstructured optical fiber (MOF) structure with longitudinal dispersion variation is theoretically investigated for broad, coherent supercontinuum (SC) generation in the infrared (IR) region. The MOF possesses anomalous dispersion at 1550 nm but changes its dispersion to normal dispersion by a tapering process. The inline dispersion controlled structure provides a linear chirp and the subsequent pulse compression without additional components. The compressed pulse then seamlessly enters a short normal dispersion section for the coherent SC generation. Our simulation suggests that the inline structure can be as short as around 11.6 cm to realize the pulse compression and the SC generation. In particular, only 0.5-cm-long final normal dispersion section is required for the coherent SC generation, hence avoiding high background loss particularly in the spectral region above 2 m, where silica glass absorption becomes considerably high. In the structure, the peak power of a pulse is enhanced by 14 times in the compression process, and the corresponding generated SC spectrum has a bandwidth of 1260 nm, extending to wavelengths above 2 m. The simulation also shows that the generated spectrum is highly coherent. We experimentally demonstrated the dispersion shift from anomalous to normal dispersion with the microstructure fiber fabricated in-house.
Introduction
Supercontinuum (SC) generation has drawn much attention for many years and has become essential for many applications including frequency metrology, optical coherence tomography and generation of ultra-short pulse, to name a few [1] - [3] . The micro-structured optical fibers (MOFs) [4] , also called photonic crystal fibers (PCFs) when the cladding air holes are arranged periodically, have been widely used in fiber lasers [5] , sensing [6] and the SC generation, etc. MOFs possess unique properties to control nonlinearity and dispersion because the transversal design can influence the modal confinement and waveguide dispersion [7] . The governing effects of the SC generation pumped with short pulses in optical fibers are mainly determined by the dispersion of the fibers at the pumping wavelength [8] , [9] . For instance, the SC generation by short pulse pumping in the anomalous dispersion region is attributed to the soliton dynamics. In this process, higher order soliton is perturbed and breaks into fundamental solitons which further propagate due to the Raman effects and the generation of dispersive waves [8] . The spectrum of the SC generation in this anomalous dispersion is usually wide and smooth due to the averaging effect from the multiple pulses. Different fiber designs were proposed to increase nonlinearity and shift zero dispersion wavelength (ZDW) to pumping wavelength [10] - [12] . Moreover, to facilitate the nonlinear processes and controlling the dispersion, soft glass PCFs, fiber tapering, or a ZDW decreasing PCF were explored [13] - [17] . However, the SC generated by the anomalous dispersion pumping is very susceptible to the noise of the input pulses which is attributed to the modulation instability (MI) [8] , [9] . Thus, it is difficult to achieve stability and coherence in the generated SC spectrum, hindering the applications in some areas [9] .
On the contrary, the SC generated by short pulse pumping at a normal dispersion wavelength can effectively eliminate drawbacks arising from the soliton dynamics [8] , [9] . The spectral broadening is mainly caused by self-phase modulation (SPM) and other processes, including four-wave-mixing (FWM) in this region.The coherence and stability of the SC generation are improved as compared to the anomalous dispersion wavelength pumping due to the inhibition of MI in normal dispersion region [9] . Various silica MOF designs through adjusting the cladding air holes were sought for dispersion tailoring, and all-normal or flattened normal dispersion MOF fibers were reported for the coherent SC generation [18] - [20] . However, the spectral bandwidth of the SC is relatively narrow due to the temporal broadening of the pulse along the fiber, leading to insufficient peak power for full development of SC generation [8] , [21] . The high normal dispersion broadens the pulse duration and effectively brings down the peak power, and the chirp induced by the SPM also accelerates the peak power reduction [22] .In addition, the fiber with the desired dispersion may have small structures or the low air-filling ratio, leading to high confinement loss in longer wavelengths [8] , [20] , [23] ; thus, prior works of SC in pure silica MOFs are mostly limited below 2 m. Besides, silica material loss above 2 m also hinders full development of the SC spectrum [24] .
To compensate the peak power reduction with normal dispersion pumping, hence increase the pump peak power, pre-pulse-compression can be employed before the coherent SC generation. A nonlinear compression through a soliton effect in the anomalous dispersion could be used for the pulse compression. The compressed pulse is then coupled to a fiber with normal dispersion for the coherent SC generation [19] , [25] . However, the soliton compression does not produce linear chirp across the entire pulse and ends up with poor quality pulse with either sidelobes or a pedestal [26] . More preferred approach should involve a normal dispersion for pulsewide linear chirp and a subsequent anomalous dispersion for compression to generate a clean pulse [27] .
In this paper, we investigate an all-fiber inline structure using silica MOF to demonstrate pulse compression and subsequent coherent SC generation in a single fiber. A linear chirp is developed in the first section of the fiber through the normal dispersion and SPM, suppressing the side peaks, promoting the peak power and thus improves quality of the compressed pulse. The chirped pulse is compressed while propagating the second section of the fiber through the anomalous dispersion, and the compressed pulse generates the coherent SC spectrum in the third section having normal dispersion. The dispersion variation is achievable through a fiber tapering process. An air hole size and a pitch size of MOF are adjusted by the tapering process to control the dispersion. By a careful design of the MOF, anomalous dispersion can be converted to normal dispersion in the MOF. The tapering process can be conducted at both ends of the MOF to construct longitudinal dispersion variation of normal, anomalous, and normal dispersions along the fiber. Many prior reports on the SC generation above 2 m used non-silica glass or multicomponent silicate fibers pumped in anomalous dispersion wavelength to reduce the material background loss as well as increase nonlinearity [14] , [28] - [31] . Our simulation results show the potential to extend the coherent SC spectrum to wavelength region above 2 m in pure silica optical fibers pumped in normal dispersion region. We report experimental demonstration of the dispersion shift from anomalous to normal dispersion and theoretical investigation on coherent SC generation through the MOF inline structure.
Theoretical Background
The numerical simulation for the SC generation uses the generalized nonlinear Schrodinger equation (GNLSE) [8] 
The left hand side models the linear propagation. A is the envelope of the electric field. is the linear loss and k is the k th order dispersion parameter obtained from the Taylor series expansion of the propagation constant ð!Þ at 1550 nm. The right hand side describes the nonlinear process where is the nonlinear coefficient calculated by
where n 2 is assumed as 2:6 Â 10 À20 m 2 =W and A eff ð! 0 Þ is the effective area at the carrier frequency. 1 is obtained from 1 ¼ =! 0 , where ! 0 is the pumping frequency. The response function Rðt Þ is obtained from
where f R is 0.18 and h R is the delayed Raman function calculated by h r ðt Þ ¼ ðð
2 ÞexpðÀðt = 2 ÞÞsinðt = 1 Þ with 1 ¼ 12:2 fs and 2 ¼ 32 fs in silica [22] . Equation (1) is solved with the split step Fourier method [22] . The overall performance of the in-line fiber structure is simulated by monitoring the input pulse along the different sections.
The coherence degradation of the generated spectrum is quantified by the modulus g 12 [8] , [9] 
E 1 ðÞ and E 2 ðÞ are independently generated SC pairs in consideration of the random noise [32] . The angle brackets denote an average effects.
3. Inline MOF Structure Design Fig. 1 shows schematic of the inline MOF structure. The upper right image of Fig. 1 shows that the fiber has multiple layers of air holes with hexagonal lattice. The MOF in Section 2 can be tapered to form the inline structure with the dispersion controlled. The group velocity dispersion (GVD) of Sections 1 and 3 is normal at the pumping wavelength of 1550 nm, whereas Section 2 possesses anomalous dispersion. The pumping pulse is launched to Section 1 with normal dispersion. The main role of this section is to induce a up-chirping by the SPM and the normal dispersion. The SPM provides with the nonlinear up-chirping in the pumping pulse. The SPM induced chirping is typically dominant in the middle part of the pulse. The incomplete chirping in the pulse edges can be improved by the normal dispersion, and this helps suppress undesired side peaks of the pulse [27] . The chirped pulse further propagates in Section 2 where the pulse compression occurs by the anomalous dispersion. The length of Sections 1 and 2 are carefully chosen for best pulse compression. We note that a background loss in Section 1 might reduce the peak power and compromise the pulse compression. Therefore, the loss in the fibers is an important factor to consider. Section 3 is the main stage for the coherent SC generation. The preferred requirements for this SC generation include low flattened normal dispersion, high nonlinearity and low background loss for a fast, wide broadening in the spectrum. In particular, the short length of Section 3 is desired for full SC spectrum development, mitigating the background loss in the longer wavelength side.
The optical fiber is modeled using Polymode package [33], [34] which provides with the fiber properties including the loss, effective area and the effective refractive index, etc. The effective area and the effective refractive index are used to obtain the nonlinear coefficient and dispersion further. Section 2 is designed to possess anomalous dispersion with the pitch of 3 m and cladding air hole diameter of 1.2 m. The pitch and cladding air hole sizes are adjusted to 2 m and 0.6 m, respectively in Section 3, thus to achieve the desired normal dispersion.
This change can be realized by careful control of the tapering process. We assume that Section 1 is identical to Section 3, hence exhibiting normal dispersion. Fig. 2(a) shows the dispersions of the two different sections in the inline fiber structure. The tapered fiber nonlinear coefficients calculated by the equation (2) are 17:2=ðW Á kmÞ for the normal dispersion and 13:1=ðW Á kmÞ for the anomalous dispersion fiber. Fig. 2(b) illustrates the spectral confinement loss. We note that the confinement loss in the normal dispersion fiber is higher compared to that of anomalous dispersion fiber due to the small structure and insufficient confinement. The higher confinement loss might hinder full development of the SC.
Simulation of Pulse Compression
We first investigate the pulse compression performance by the inline structure consisting of Sections 1 and 2. We assume that the input pulse is described by a sech function, P ¼ P 0 sech 2 ðT =t 0Þ, where P 0 is the peak power and T 0 is input pulse width. The number of grid points is 2 12 in an 11 ps time window and higher order dispersions from 2nd to 12th orders are considered in the simulation. We use a peak power enhancement factor defined by a ratio of P=P 0 to characterize the compression performance. P represents the peak power of a compressed pulse and P 0 donates the input pulse peak power. Fig. 3(a) shows the best peak power enhancement factor vs. the input peak power with different input pulse durations. The pump is launched to Section 1 having normal dispersion. In the simulation, the length of Section 1 is varied from 0 cm to above 20 cm. At each fixed length of Section 1, the length of Section 2 is optimized for the highest compressed peak power. The peak power enhancement factor ratio increases with Section 1 length first, then reduces after the optimized Section 1 length. Further propagation in Section 2 relates to the soliton fission process as observed in our simulation. A 1 dB loss is assumed between sections in the structure.
As presented in Fig. 3(a) , higher peak power induces a better peak power enhancement factor. In addition, longer input pulse duration also benefits the pulse compression, leading to a higher enhancement factor [35] . Perhaps more interestingly, single anomalous dispersion fiber performs better than the inline structure with normal and anomalous dispersion when the input power is low, e.g., 4 kW. The low peak power induces relatively low SPM and frequency chirping in Section 1, hence less efficient in pulse compression, as compared to the direct compression. Nonetheless, the inline structure outperforms when the peak power increases. Fig. 3(b) shows temporal pulse evolution with normalized power in Sections 1 and 2. The lengths of Sections 1 and 2 are 6.6 cm and 4.5 cm, respectively. In Section 1, the pulse broadens first due to the normal dispersion together with SPM, but is rapidly compressed by the anomalous dispersion in Section 2. The peak power of the compressed pulse is calculated to be 164 kW, which is nearly 14 times enhanced compared with the input pulse. The simulation assumes an input pulse of 12 kW peak power and 200 fs of pulse width. 
Simulation of SC Generation
We investigate the SC generation in the inline structure and in the fiber same with Section 3 for comparison. We assume peak power of 12 kW and T 0 of 200 fs as a input pulse for both cases. Fig. 4(a) and (b) compare the spectral evolutions in normal dispersion fiber same with Section 3 and the proposed inline structure. The spectrum in Fig. 4(a) is gradually broadened with a limited bandwidth along the fiber, and the benefit of the inline structure is clearly demonstrated by a broader achieved SC generation, illustrated in Fig. 4(b) . The roles of each section are clearly shown in the figure. The spectrum broadens moderately when the pulse propagates in Sections 1 and 2. During this stage, the pulse goes through initially a temporal broadening in Section 1 and subsequently a pulse compression in Section 2. However, once the compressed pulse enters Section 3, spontaneous spectrum broadening takes place and is maintained.
We further compare the spectra sliced at the propagation length of 15 cm in (a) and that of 11.6 cm, corresponding to only a 0.5 cm long Section 3, in the inline structure, shown by Fig. 4(c) and (d) , respectively. Using 15 cm long fiber same with Section 3, a 250 nm SC generation spectrum with 20 dB bandwidth from the maximum peak is obtained, as seen by black curve in the upper plot of Fig. 4(c) . This is an average spectrum calculated from 200 independent generated spectra, which is depicted by the gray shadow when the random noise is considered. The spectrum is not broadened with a further propagation, and significantly long fiber may cause spectrum chopping due to increased background loss. The corresponding degree of coherence g 12 is calculated from 200 pairs of independently generated spectra inclusive of the noise influence, shown by the below plot. We note that the spectral broadening in this case is limited though a high coherence is achieved.
In contrast, using only 0.5 cm Section 3 in the inline structure, the bandwidth of around 1260 nm, covering wavelengths from 900 nm to around 2160 nm, is achieved, as shown in Fig. 4(d) . The bandwidth is 5 times broader than that in Fig. 4(c) . The short length of Section 3 certainly helps push the SC spectrum to longer wavelengths above 2 m. Although the absorption in silica above 2 m is not considered in the simulation, the influence would be limited due to the small length. The loss above 2 m to 2.16 m contributes to less than 1 dB of power reduction at maximum [24] . The spectral stability is also illustrated by the small fluctuation depicted by the gray shadow. The corresponding g 12 proves that the generated spectrum is highly coherent. We note that the coherent SC generation as well as the pre-pulse-compression can be accomplished in only around 11.6 cm, indicating that the SC generation is promising in this structure. We measured the dispersions of the fiber before and after tapering using home-built interferometry setup. The results are shown by the blue (untapered MOF) and red (tapered MOF) curves in Fig. 5 . The untapered MOF has the anomalous group velocity dispersion in the measurement wavelength range of 1.4 m to 1.6 m. Its dispersion gradually decreases from nearly À50 ps 2 =km to À80 ps 2 =km with the wavelength. In addition, after the tapering, the dispersion is clearly shifted to the normal dispersion region in the whole measurement range. The dispersion is somewhat flattened and also reduced. Our results successfully demonstrate the dispersion control in the inline MOF structure.
Experimental Demonstration of Dispersion Control by Tapering

Conclusion
An all-fiber inline scheme based on silica micro-structured optical fiber is proposed to achieve both coherent SC generation and pulse compression in a short length of fiber structure. Using the proposed fiber structure, which is only about 11.6 cm long, the input peak power of 12 kW is compressed to ∼164 kW peak power, which is almost 14 times enhanced. The compressed pulse further propagates to the normal dispersion section for efficient coherent SC generation of 1260 nm. Simulation also shows the spectrum is highly coherent. Inline dispersion control is also experimentally demonstrated by tapering MOF with anomalous dispersion to normal dispersion which proves feasibility of the proposed structure in applications of SC generation.
